T he plasma membrane of virus-infected cells constitutes a barrier to the egress of newly assembled virus particles but also can serve as a platform that viruses use to facilitate their assembly. In the case of HIV-1, virus assembly is driven by the Gag precursor protein, Pr55 Gag (1) (2) (3) , and it has been established for many years that the association of Pr55 Gag with the plasma membrane is an essential step in the virus assembly pathway. Less clear are the precise mechanism by which Pr55 Gag binds membrane and the identity of host cell components that dictate the specificity of the membrane-binding process. In most cell types, HIV-1 assembly appears to take place primarily at the plasma membrane, although in some cells, including the physiologically relevant macrophage, assembly may occur in intracellular compartments known as multivesicular bodies (MVBs) (4-7). Recent findings indicate that a particular member of the phosphoinositide family of lipids, phosphatidylinositol-(4,5)-bisphosphate [PI(4,5)P 2 ], serves an important function in directing Pr55 Gag to the plasma membrane (8) . In this issue of PNAS, Saad et al. (9) present evidence for a direct interaction between Gag and PI(4,5)P 2 and provide a compelling structural model to help explain the role that PI(4,5)P 2 plays in promoting the association of Pr55 Gag with the plasma membrane. In a broader context, the proposed model suggests a novel mechanism by which phosphoinositides can help stabilize the association of proteins with cellular membranes.
Pr55 Gag is composed of several major domains that are cleaved from the Gag precursor by the viral protease during particle release from the cell. These domains are as follows (from N to C terminus): matrix (MA), capsid (CA), nucleocapsid (NC), and p6 (Fig. 1A) . Each of these domains serves critical functions in virus assembly and release. For example, MA directs Pr55 Gag to membrane via a bipartite motif consisting of an N-terminal, covalently attached myristic acid and a highly basic cluster of amino acid residues (10) . The membrane association of a number of myristylated proteins is regulated by a so-called ''myristyl switch'' mechanism whereby the myristate can adopt either an exposed or a sequestered conformation (11) . When the myristate is in the exposed conformation, it promotes membrane association; conversely, when the myristate is sequestered, membrane binding is diminished. A decade ago, it was proposed that the interaction of the MA domain of Pr55
Gag with membrane is regulated by a myristyl switch (12) , and a substantial amount of evidence supports this model (13) (14) (15) . Most recently, structural studies from Summers and colleagues (16) demonstrated that the myristate is sequestered when MA is in a monomeric form, which binds membrane poorly. In contrast, when downstream sequences in CA that promote oligomerization are added to MA, the myristate becomes exposed, and membrane binding is substantially increased.
Intriguingly, the highly basic domain of MA not only promotes the association of Gag with membrane but also confers specificity to this binding. Mutations within these basic residues can reduce the efficiency of virus production by redirecting virus assembly from the plasma membrane to intracellular membrane (17) (18) (19) . These findings raised the possibility that a component of the plasma membrane interacts with basic residues in MA and, thereby, promotes the targeting of Gag to the cell surface.
A candidate for this targeting factor emerged with the demonstration that depletion of plasma membrane PI(4,5)P 2 induced the relocalization of HIV-1 assembly to MVBs (8) .
The phosphoinositides all are closely related to the parent molecule, phosphatidylinositol (PI), and differ from one another in the number and position of phosphate groups on the six-carbon inositol ring that forms the bulky head group of these lipids ( Fig. 1 B and C) . The phosphoinositides also differ in their subcellular localization: PI(4,5)P 2 and PI(3,4,5)P 3 are concentrated predominantly at the plasma membrane, PI(3)P in early endosomes, PI(3,5)P 2 in late endosomes, and PI(4)P in the Golgi apparatus (20) . Because, in part, of their distinct subcellular localization, the phosphoinositides play a central role in the trafficking of a number of cellular proteins (21, 22) , with PI(4,5)P 2 clearly implicated in directing proteins to the plasma membrane (22) . The role of PI(4,5)P 2 in Gag targeting suggests that HIV-1 Gag has evolved to subvert this cellular trafficking pathway to regulate the localization of virus assembly. Interestingly, a previous study reported that molecules structurally related to the phosphoinositides are able to promote efficient assembly of virus-like particles from HIV-1 Gag in vitro (23) .
The work of Saad et al. (9) provides a structural framework with which to understand the ability of PI(4,5)P 2 to promote membrane binding and regulate the site of HIV-1 assembly. The authors report that myristylated MA (myrMA) binds directly to PI(4,5)P 2 and that this binding is highly specific; MA does not interact with several related phosphoinositides, including PI(3,5)P 2 , which is identical to PI(4,5)P 2 except for the location of one of the phosphates on the inositol ring. Apart from PI(4,5)P 2 , only PI(3,4,5)P 3 shows binding to MA, suggesting an important role for both position 4 and 5 phosphates in MA binding. The NMR structure of myrMA bound to PI(4,5)P 2 reveals that the inositol head group and the 2Ј fatty acid chain of the lipid molecule fit into a hydrophobic cleft in MA (Fig. 1B) . The negatively charged phosphates form salt bridges with basic residues in MA. For technical reasons, Saad et al. used forms of PI(4,5)P 2 with truncated fatty acyl chains; however, modeling suggests that PI(4,5)P 2 with the more physiological 18-to 20-carbon acyl chains would exhibit similar binding conformations (ref. 9; Fig. 1B) .
A particularly noteworthy aspect of the Saad et al. (9) structure is that binding of PI(4,5)P 2 to myrMA triggers the myristic acid moiety to ''flip out'' from the sequestered to the exposed conformation. As discussed above, myristate exposure is key to promoting the stable association of MA with membrane. According to these recent findings, PI(4,5)P 2 promotes membrane association via two mechanisms: by serving as an anchor for Gag in the lipid bilayer and triggering the myristyl switch that further retains Gag in the membrane (Fig. 1B) . Because PI(4,5)P 2 is concentrated at the plasma membrane, this model helps explain why depletion of PI(4,5)P 2 results in the loss of virus assembly at the cell surface and a redirection of assembly to intracellular membranes. The observed lack of binding between MA and phosphoinositides that are concentrated in intracellular membranes is consistent with the localization of HIV-1 assembly predominantly at the plasma membrane in most cell types.
Another interesting feature of the Saad et al. (9) model involves the association of Gag with lipid raft microdomains. Lipid rafts are cholesterol-and saturated lipid-enriched patches in the plasma membrane that serve as concentration platforms for proteins involved in a number of biological processes, including virus assembly (24, 25) . Because the predominant form of PI(4,5)P 2 in cells contains a saturated 1Ј fatty acid side chain but an unsaturated 2Ј side chain (Fig. 1C) , PI(4,5)P 2 may equilibrate between raft and nonraft domains in the membrane. According to the model proposed by Saad et al. (9) , upon binding between myrMA and PI(4,5)P 2 , the 2Ј side chain is extruded from the lipid bilayer and packs against MA, leaving only the highly saturated 1Ј fatty acid side chain in the plasma membrane. The removal of the unsaturated 2Ј side chain from the lipid bilayer, in theory, could increase the affinity of PI(4,5)P 2 and its associated Gag molecule for lipid raft microdomains.
The role of PI(4,5)P 2 in regulating the binding of HIV-1 Gag to membrane and the localization of virus assembly suggests several exciting new directions for research. Analysis of phosphoinositidebinding preferences may reveal whether the effect of HIV-1 MA mutations on Gag localization can be explained by a switch in phosphoinisitide binding from PI(4,5)P 2 to other members of this family of lipid molecules. Given that residues in the highly basic domain of MA appear to be crucial for PI(4,5)P 2 binding (9, 26) and that analogous basic patches are evident in the MA domains of a number of other retroviruses (27) , it will be of great interest to determine the importance of PI(4,5)P 2 in promoting the assembly of retroviruses other than HIV-1. From a more practical perspective, the structural information provided by Saad et al. (9) may help in the design of inhibitors that disrupt HIV-1 replication by interfering with the interaction between Gag and PI(4,5)P 2 .
